In 1989, identical crosses (2--3 females within males) were performed with Picea abies (L.) Karst. in a greenhouse seed orchard at Biri nursery and in an outdoor seed orchard at Huse, 32 km north of Biri. Pollination began 17 days earlier in the greenhouse than outdoors at Huse. The potted grafts in the greenhouse were moved outdoors when the seed cones were no longer receptive. Twelve full-sib family pairs (Biri and Huse) from these crosses were grown in a phytotron and tested for height and autumn frost hardiness during their first growing season. No significant difference was found between the indoor (Biri) and outdoor (Huse) progenies for height growth. However, the progenies from the greenhouse seed orchard were significantly more susceptible to frost than their full-sibs from the outdoor seed orchard. There was no significant interaction between males and the flowering environment, but a significant female × flowering environment interaction was present as a result of greater differences in frost hardiness between progenies from females in the greenhouse seed orchard than in the outdoor seed orchard. Although seeds from the outdoor seed orchard generally had a greater biomass than seeds from the greenhouse seed orchard, the difference in seed weight did not explain the difference in frost hardiness. We hypothesize that temperature and photoperiod during pollination and fertilization affect the frost hardiness of the progenies.
Introduction
There is growing interest in the use of indoor containerized seed orchards for acceleration of both breeding and production of genetically improved tree seeds (Ross et al. 1986 , Philipson 1990 . Containerized orchard designs permit better control of the flowering process and give greater flexibility in choice of genotypes to be interbred than outdoor seed orchards. In 1983, a greenhouse seed orchard was established with Picea abies (L.) Karst. at Biri nursery in Norway. Flowering and seed production in response to heat and gibberellin A 4/7 treatments have generally been good in the greenhouse (Johnsen et al. 1994a (Johnsen et al. , 1994b ).
Recent results with Norway spruce and Scots pine have shown that the parental environment, or more specifically, the climate during sexual reproduction, may influence the adaptive properties of the progeny (Johnsen 1988 , 1989a , 1989b , Johnsen et al. 1989 , Dormling and Johnsen 1992 , Johnsen and Østreng 1994 , Skrøppa 1994 . Such effects have been observed when northern parents have been grafted in a southern seed orchard or parents from high altitudes have been transferred to orchards located at low elevations. Thus, the seedlings from these parents have an extended growth period and a delayed development of frost hardiness in the autumn relative to what would be expected. Although the altered phenotypic performance is long-lasting in Norway spruce (Johnsen 1989a , 1989b , Skrøppa 1994 , it may be only temporary for autumn frost hardiness in Scots pine (Dormling and Johnsen 1992) . However, field trials have shown that both mortality and growth of Scots pine between 4 and 5 years from seed are affected by the parent plant environment, and that the southern localities produced progenies with the highest mortality (Lindgren and Wei 1994) . In the greenhouse seed orchard at Biri, crosses are normally performed inside the greenhouse, but the grafts are moved outside shortly after the female flowers are no longer receptive. Thus, the female grafts are grown at an elevated temperature for approximately 3 weeks in spring. In this study, we investigated whether this short period inside the greenhouse could affect progeny performance.
Materials and methods

Crosses performed
Identical crosses were performed on P. abies grafts in a greenhouse at Biri nursery (60°57′ N, 10°33′ E, 150 m a.s.l.) and in an outdoor seed orchard at Huse (61°13′ N, 10°20′ E, 180 m a.s.l.), located 32 km north of Biri. Five male and 12 female parents were crossed according to a mating design with 2--3 females within males (Figure 1 ). The parents originated from southeastern Norway (60--61° N, 160--330 m a.s.l.) and were unrelated. The grafts at Biri were grown in 50-l pots and were approximately 2.5--3 m tall when pollination took place. The grafts at Huse were 10--13 m tall when the crosses were Sexual reproduction in a greenhouse and reduced autumn frost hardiness of Picea abies progenies (Johnsen et al. 1994a ). The males were moved to the greenhouse during the last week of April 1989, and mature pollen cones were collected from each clone separately during the first week of May. The day/night temperature in the greenhouse was 20--25/15 °C. No artificial light was supplied. Pollen was extracted in the laboratory at 20--22 °C, dried and cleaned. Approximately 7--8 ml samples of pollen were placed in 15-ml glass vials and sealed. Pollen from the greenhouse was used in crosses at both Biri and Huse.
Paper bags were used to isolate female flower buds before opening. Buds were isolated in the last week of April at Biri and in the first week of May at Huse. At Biri, the potted female clones were moved inside the greenhouse during the last week of April, and crosses were performed from May 5 to 11. The day/night temperature inside the greenhouse was 20--25/15--20 °C. The female flowers developed quickly, and the paper bags were opened on May 16. The female grafts were moved outside 3 days later. At Huse seed orchard, the female flowers were not receptive until the third week of May as a result of cold weather during the first 2 weeks of May. Thus, pollination took place 17 days later at Huse than at Biri (from May 22 to 25). The mean temperature during the week of pollination at Huse varied from 7 to 16 °C, and the paper bags were opened the first week of July.
At both Biri and Huse, mature cones were collected in September 1989, and seeds were extracted, dewinged, cleaned and separated from empty seeds, and the weight of approximately 200 seeds was recorded per seed lot.
Cultivation of plants
Twelve pairs (each pair comprised one seed lot from Biri and one seed lot from Huse) of full-sib families were sown the first week of November 1991 in two rooms at the Phytotron at the University of Oslo. Seedlings were grown in multipot containers in continuous light (270 µmol m −2 s −1
) at 22 °C until they were 8--10 cm tall (second week of January 1992) and then gradually induced to harden as described previously (Johnsen 1989c) . Briefly, the hardening program started with 3-h nights for 1 week followed by 1 week with 6-h nights. The night length was then increased by 1 h per week. When the length of the night reached 9 h, the seedlings were exposed to a night temperature of 10 °C for 1 week. Thereafter, the night temperature was set at 5 °C.
Freezing tests
Plants were harvested for the first freezing test when the night length reached 11 h in the phytotron (March 5). The freezing test temperatures were −6, −7.5, −9, −10.5 and −12 °C. The freezing test was started by subjecting seedlings to a temperature of 5 °C for 1 h; the seedlings were then frozen at a rate of 2 °C h −1 to the test temperature, held at the test temperature for 4 h, then thawed at a rate of 2 °C h −1 to 5 °C, and finally held at 5 °C for 3 h. Plants were misted for 15 s at 0 °C during freezing. The second freezing test was performed on March 11 (12-h night in the Phytotron) under the same conditions as described for the first test. The roots were insulated during freezing. After freezing, the plants were grown in a heated greenhouse in continuous light at a day/night constant temperature of 22 °C for 3 weeks. Frost damage on needles (browning and discoloration) was assessed based on a scale from 0 to 11 where: 0 = no visible damage; 1--10 = percent increments of brown or discolored needle length; and 11 = all needles completely brown (Johnsen 1989c ). Plant height was measured when the seedlings were scored for frost damage.
Experimental design and statistical analyses
During growth and cold acclimation, the plants were grown in two Phytotron rooms with two replicates (complete blocks) per room. The plants were grown in contiguous split-plots (n = 40) with each pair of full-sib families (Biri and Huse) in one container per replicate. Thus, a replicate was comprised of 12 containers (one for each pair of full-sibs). Plants were harvested, sorted and placed in new containers at the start of the freezing tests. In each freezing chamber, each pair of families was replicated four times, and the replicates were arranged to correspond with the four replications during plant cultivation, i.e., two seedlings from each member of the family pairs that had grown in adjacent plots within Phytotron rooms, were also placed in adjacent plots within chambers during freezing. The data from the test temperatures that gave a mean frost damage score of 3.5--8.5 were used in the analyses of variance. These test temperatures were −6 and −7.5 °C from Test 1 on March 5, and −7.5, −9 and −10.5 °C from Test 2 on March 11.
The analyses of variance of height and frost damage were performed with the GLM procedure (SAS Institute Inc., Cary, NC) according to Model 1:
where Y ijklmno is the mean of two plants for each combination of the experimental factors for untransformed heights and the transformation arcsin(X ijklmno /11) 1/2 for frost damage (X = mean of two plants; transformation homogenizes variances among groups and normalizes the data (Norell et al. 1986, Figure 1 . Crosses performed at an indoor (Biri) and outdoor (Huse) seed orchard with unrelated parents and pollen from Biri.
Johnsen 1989c)), µ is the total mean, L i is the fixed effect of seed location i where i = 1 or 2 (Biri or Huse), F j is the random effect of father j where j = 1, 2, 3, 4 or 5, M (j)k is the random effect of mother k within father j where k = 1, 2 or 3, LF ij is the interaction between father and seed location, LM i(j)k is the interaction between seed location and mother within father, T l is the fixed effect of test temperature l where l = 1, 2, 3, 4 or 5, C (l)m is the random effect of freezing chamber m within temperature l where m = 1 or 2, PR n is the random effect of Phytotron room n where n = 1 or 2, R (n)o is the random effect of replicate o within room n where o = 1 or 2, and e ijklmno is the experimental error.
The mean squares for the interaction between seed location and fathers (MS L×F ) should normally be used as the error term when testing the effect of seed location. However, the variance component father × seed location (σ L×F 2 ) appeared negative for both height and frost damage when the analyses were run (MS L×F were smaller than residuals). Theoretically, a variance component cannot be negative, and σ L×F 2 was thus set to zero. The appropriate error term for seed location thus became the mean square for the interaction between seed location and mothers within fathers (MS L×M/F ). For the same reason, the effect of fathers, which could be tested with the linear combination MS M/F + MS L×F − MS L×M/F as the error term, was instead tested against MS M/F . Mothers were tested with MS L×M/F as the error term. The technical components (test temperature, chambers, Phytotron room and replicates) were specified to provide an indication of each source of variation.
Model 2 for seed weight had the same structure but was simpler than Model 1:
For seed weight, MS L×F was greater than the residuals and was used as a denominator when testing the effect of seed location.
Results
Except for mother Number 11, the seeds from Biri had less biomass than the seeds from Huse (Figure 2 ). Only seed location had a significant effect on seed biomass (Table 1) .
The difference in plant height between the two localities was not statistically significant (Table 2, Figure 3) . The difference between mothers and the interaction between mothers and seed location were both significant. The differences between mothers were larger at Biri for fathers Numbers 1 and 4, but not for mothers within fathers Numbers 2, 3 and 5 (Figure 3 ). These differences explain the significant interaction between mothers and seed location on plant height. Progenies from Biri were significantly less frost hardy than their full-sibs from Huse ( Figure 4 , Table 2 ). There was no significant interaction between males and seed location, but the interaction between females and seed location was significant ( Table 2) . The difference in frost hardiness between females within males was greater in progeny from the indoor seed orchard than from the outdoor seed orchard for fathers Numbers 1, 2, 4 and 5 (Figure 4) , and explains the significant interaction between mothers and seed location.
Discussion
Progeny from the greenhouse seed orchard was less frost hardy than progeny from the outdoor seed orchard. Previously, we found that progenies of P. abies from a northern site in Finland were more hardy than their full-sibs from a southern site . Together these two studies provide evidence for aftereffects of parent plant environment on Norway spruce progeny (Bjørnstad 1981 , Johnsen 1988 , 1989a , 1989b , Johnsen et al. 1989 . In studies where pairs of half-sibs from contrasting environments were compared, it was found that aftereffects are long-lasting and affect phenology, seasonal growth rhythm and development of autumn frost hardiness (Bjørnstad 1981 , Johnsen 1988 , 1989a , 1989b , Johnsen et al. 1989 . Alternative hypotheses, such as phenotypic selection of plus-trees (Johnsen and Østreng 1994) and indirect effects of seed weight cannot explain the altered phenotypic performance (Bjørnstad 1981 , Skrøppa 1988 , Johnsen 1989a , Dormling and Johnsen 1992 .
Seed from the outdoor seed orchard had greater biomass than seed from the indoor seed orchard. Thus, in our study, seeds with the larger biomass produced the more frost hardy plants (Figures 2 and 4) . In contrast, in other studies, the southern and warmer localities produced heavier seeds and less frost hardy plants (Bjørnstad 1981 , Andersson 1985 , Johnsen 1989a , Dormling and Johnsen 1992 , Johnsen and Østreng 1994 . Based on our findings, the hypothesis that heavy seeds delay bud set and reduce autumn frost hardiness has to be rejected (Skrøppa 1988) . We conclude that the environmentally induced changes in seed weight cannot explain the environmentally induced change in autumn frost hardiness.
Pollination occurred 3 weeks earlier in the greenhouse seed orchard than in the outdoor seed orchard. Because of the large difference in temperature between the greenhouse and the outdoors during pollination, seed cones passed through the different stages of receptiveness (Brøndbo 1971 ) more quickly in the indoor seed orchard than in the outdoor seed orchard. During the period in the greenhouse, it is likely that pollen tube growth took place, but we do not know if fertilization also occurred while the grafts were in the greenhouse. However, the grafts at Biri must have reached the various stages in the generative process (pollen tube growth, formation of archegonia, egg development, fertilization, proembryo stages, degeneration of embryos, and early embryo development) at least 3--4 weeks earlier than the grafts at Huse as a result of the 3-week period in the greenhouse. Thus, the prezygotic stages occurred in a 1.5 h shorter photoperiod at Biri than at Huse. We do not know whether this difference in photoperiod between the two sites was large enough to induce the observed aftereffect on the progenies. However, similar results were found in a comparison of progenies from two contrasting seed years in Lyngdal seed orchard (Kohmann and Johnsen 1994) . The spring was late in 1987, and pollination took place during the third week of May, whereas in 1989, pollination was 3 weeks earlier. The seeds from 1989 gave rise to seedlings that had a 1 h longer critical night length (delayed bud set) than seedlings from seeds produced in 1987. Possible mechanisms (genetic, epigenetic or physiological causes) to account for these results have been discussed (Johnsen 1989a, Skrøppa and .
The finding that heavier seeds were produced at Huse than at Biri (Figure 2) indicates that the physiological status of the potted grafts at Biri differed from that of the large, vigorously growing grafts in the outdoor seed orchard at Huse. Both sets of grafts were grown outdoors during seed maturation with little difference in mean temperature between the two sites. However, the grafts at Biri had been induced to flower by treatment with gibberellin A 4/7 the year before (Johnsen et al. 1994a) , whereas the grafts at Huse flowered without hormonal treatment. Interestingly, Gutterman et al. (1975) showed that hormonal treatments given to parent plants of lettuce affected the performance of the progenies.
Plants from the present families are now being grown to test whether the differences in frost hardiness between plants from crosses at Biri and Huse will last for many growth seasons (Johnsen 1989a , 1989b , Johnsen et al. 1989 , Lindgren and Wei 1994 , Skrøppa 1994 or will only be temporary Johnsen 1992, Andersson 1994) .
